Abstract The present study was carried out to evaluate the groundwater quality and its suitability for drinking purposes in the urban coastal aquifers of part of south Chennai, Tamil Nadu, India. Twenty-three groundwater samples were collected during March 2012. The minimum and maximum values of pH (6.3-8 on scale), electrical conductivity (620-12,150 lS/cm), total dissolved solids (399.28-7,824.6 mg/l), carbonate (0-30 mg/l), bicarbonate (0.9-58.9 mg/l), chloride (70.9-4,067.89 mg/l), sulphate (17.4-105 mg/l), nitrate (0.4-6.0 mg/l), calcium (30-200 mg/l), magnesium (1.2-164 mg/l), sodium (69-1,490 mg/ l) and potassium (8-340 mg/l) were recorded in the coastal aquifers of Chennai city. The groundwater samples show that the majority of the sampling points clustered on the NaCl and mixed CaMgCl facies of the piper trilinear diagram. In the Gibbs diagram, the majority of the sampling points fall under rock water and evaporation dominance field. Fuzzy membership classification suggests that the majority of the samples fall under good water type followed by excellent water and poor water categories. 2-) were derived from seawater intrusion and gypsum dissolution process. Nitrate concentration is most significantly derived from anthropogenic sources.
Introduction
Groundwater is the major source of water supply for drinking and domestic purposes in urban as well as rural parts. Groundwater contamination is one of the most important environmental issues in the recent world (Vodela et al. 1997 ). Groundwater quality depends on the quality of recharged water, atmospheric precipitation, inland surface water and on subsurface geochemical processes. Temporal changes in the origin and constitution of the recharged water, hydrologic and human factors may cause periodic changes in groundwater quality. The concentrations of naturally occurring chemicals such as chloride, iron, manganese, sodium, etc. does not alter public health at certain levels, but may affect the acceptability of drinking water. Chemical reactions such as weathering, dissolution, precipitation and other related processes commonly take place below the surface. The quality of groundwater at any point below the earth's surface reflects the combined effects of many processes along the groundwater flow path. Geochemical processes are responsible for the seasonal and spatial variation in groundwater chemistry. In addition, the poor quality of water may lead to leaching of nutrient and release of metals from soil. The determination of groundwater quality is important to observe the suitability of water for a particular use. Geochemical studies of groundwater provide a better understanding of possible changes in quality as development progresses. The migration of contaminants and the controlling procedures of water quality are effective if the natural baseline quality is determined with an acceptable degree of confidence. Anthropogenic activities can alter the relative contributions of the natural causes of variations and also introduce the effects of pollution (Whittemore et al. 1989; Sarath Prasanth et al. 2012) . Groundwater contamination in an urban environment is a major issue especially in coastal urban areas (Ballukraya and Ravi 1998; Venugopal et al. 2009; Arunprakash et al. 2013 ) Various statistical analyses including multivariate analysis and principal component analysis are used to interpret the hydrogeological and suitability of groundwater (Vasanthavigar et al. 2010; Krishnakumar et al. 2011; Magesh et al. 2012 ). The present study was carried out to assess the groundwater quality and its suitability for drinking purposes in a part of south Chennai coastal aquifers, Tamil Nadu, India.
Study area
Chennai is the capital of Tamil Nadu State and is located on the Coromandel Coast of the Bay of Bengal between 13.04°N and longitude 80.17°E (Fig. 1) . The city covers an area of 174 km 2 . The rainfall in the study area is chiefly controlled by the northeastern monsoon (October, November and December) with an average annual rainfall of 1,200 mm. The study area enjoys a tropical climate with a mean annual temperature and humidity of 24.3-32.9°C and 65-84 %, respectively. The humidity is usually in the Fig. 1 Groundwater sample location map of the study area range of 65-84 %. A major part of the study area has flat topography with very gentle slope towards east. The coastal aquifers are underlain by various geological formations from ancient Archaean to Recent alluvium. The alluvium covers the major part of the study area, which consists of sand, silts and clays. The thickness of alluvium varies from place to place to a maximum of 28 m.
Methodology

Sample collection and geochemical analysis
The fieldwork was carried out during the pre-monsoon period to collect the groundwater samples from bore wells. Groundwater samples were obtained from 23 wells and their depths ranged from 80 to 150 m bgl. The groundwater samples were collected in high density polyethylene bottles prewashed with 1 N hydrochloric acid followed by distilled water and then rinsed two to three times before sampling using sampling water. Water samples were collected from borewells at least after 10 min of pumping. The collected samples were transferred to a laboratory for further analysis and kept at 5°C. The samples were filtered using 0.45 lm cellulose membrane before the analysis. Groundwater samples for cation analysis were acidified with ultrapure hydrochloric acid in the laboratory. The temperature of the groundwater samples was determined using a common mercury thermometer. Field measurements of pH and EC were made using a handheld multi water quality probe (HANNA HI-9828, USA). Electrode calibration was made using a standard solution of HI 9828 (HANNA-Calibration solution). Carbonate and bicarbonate analysis was carried out using acid titration (1 N diluted sulphuric acid) method; Chloride concentration was measured by AgNO 3 titration method and sulphate was determined by BaCl (turbidity techniques) method using a spectrophotometer. Sodium and potassium were analysed using flame photometer, and calcium and magnesium by volumetric method. The analytical procedures are as suggested by the American Public Health Association (APHA 1995) . The analytical precision and measurement reproducibility was \2 %. The ionic balance error for studying ions was within ±5 %. The base map of the study area was prepared using the Survey of India topographic sheets (66C/4 and 66C/8) and digitized using Arc GIS 9.3 software. Trimble Ò Recon GPS was used to find the location of each sampling site and the coordinates were imported to GIS platform for preparation of the base map. The geochemical results are plotted on the piper trilinear plot using AquaChem 4.0 software, and Gibbs diagram is plotted to assess the quality-controlling mechanism and dominant hydro-geochemical facies of the study area.
Water quality index calculation
The water quality index (WQI) was calculated for evaluating the influence of natural and anthropogenic activities based on several key parameters on groundwater chemistry. To calculate the WQI, the weight was assigned to the physicochemical parameters according to the parameters' relative importance in the overall quality of water for drinking water purposes. The assigned weight ranges from 1 to 5. The maximum weight of 5 was assigned to parameters such as nitrate and total dissolved solids, and weight 1 to magnesium. The relative weight is computed from the following equation:
where W i is the relative weight, w i is the weight of each parameter, and n is the number of parameters. The quality rating scale for each parameter is calculated by dividing its concentration in each water sample by its respective standards (World Health Organization 2011) and multiplying the results by 100.
where q i is the quality rating, 
where SI i is the sub-index of ith parameter, q i is the rating based on concentration of ith parameter and n is the number of parameters.
Fuzzy membership calculation
The fuzzy membership function was used to assess water quality according to standard values. The linear membership functions are adopted to reduce the complexity of the model. This member function was suggested by Bing Zhang et al. (2012) and is expressed as
where r ij denotes the fuzzy membership of indicator i, to class j, C j is analytical value of water quality indicator i and S ij is the allowable water quality indicator. The fuzzy membership matrix R consists of water quality indicator and classes. The weight (W i ) of the water quality indicator is calculated from the following equation
where W i is the weight of the water quality index i, C i is the analytical value of the water quality indicator i and S i is the arithmetic mean of allowable value of each class. The normalized weight of each indicator is calculated from the following equation
where, a i is the normalized weight of indicator i and P n i¼1 W i is the summing up weight of all water quality parameters. The fuzzy A consists of weight of each water quality indicator.
The water quality assessment by fuzzy logic membership is based on the matrix B:
The fuzzy B is the matrix of the membership of each water quality class. The water sample is classified in the class with maximizing membership.
Results and discussion
Physico-chemical parameters
Maximum, minimum, mean and their standard deviation values of the analysed variables of groundwater samples (n = 23) and drinking water standards (World Health Organization 2011; BIS 1991) are summarized in Table 1 . Based on the land use classification, the coastal areas of the study area chiefly consist of urban and industrial areas. The important physico-chemical parameters are discussed below. The groundwater temperature ranges from 26 to 30°C. The pH value of most of the groundwater samples varies from 6.3 to 8.0 with an average value of 7.26, which indicates that the groundwater is slightly acidic to alkaline in nature. The pH value of the groundwater shows moderate negative correlation coefficient with the majority of cations and anions. Therefore, it has no adverse effect on human health. The slightly acidic to basic nature of the groundwater is probably attributed to anthropogenic activities and seawater intrusion. Electrical conductivity (EC) is an indicator of the presence of ions and concentrations of dissolved components and has a direct relationship with salinity and TDS which are used for groundwater classification. The EC ranges from 620 to 12,150 lS/cm. Groundwater was reclassified using a TDS (after Todd 1980) into very fresh (0-250 mg/l), fresh (250-1,000 mg/l), brackish (1,000-10,000 mg/l) and saline (10,000-100,000 mg/l). Using this categorization, therefore, only about 56.2 % of groundwater samples qualifies as fresh, while over 43.5 % fall within brackish water category, which indicates the degree of variation in water quality due to entering of foreign matter into the groundwater system.
The concentration of carbonate and bicarbonate varies from 0 to 30 and 0.9 to 58.9 mg/l with a mean average of 3.27 and 7.60 mg/l, respectively. Bicarbonate is responsible for the alkalinity of groundwater. The carbonate and bicarbonates are probably derived from weathering of silicate rocks, dissolution of carbonate precipitates, atmospheric and soil CO 2 gas (Jeong 2001; Krishnakumar et al. 2011) . Chloride occurs naturally in all types of water. The amount of chloride content in the water samples was recorded from 70.9 to 4,067.89 mg/l. Weathering and dissolution of salt deposits, seawater intrusion and irrigation return flow are commonly responsible for the increasing chloride content in the groundwater (Jeevanandam et al. 2012 ). According to Walker et al. (1991) , Cl ion concentration in the groundwater normally arises from sources like paleoseawater entrapped sediments, solubility of Cl-bearing evaporation deposits and from anthropogenic sources. The high concentration of Cl is observed in the study area; this is a common phenomenon in the SE coast of Tamil Nadu (Chidambaram et al. 2007 ). The sulphate concentration ranges from 17.4 to 105 mg/l, with a mean value of 58.67 mg/l. The concentration of sulphate is within the maximum permissible limit of WHO standard (200 mg/l). The high concentration of sulphate may be attributed to contamination of untreated industrial and domestic waste and their effluents (Baruah et al. 2008; Jeevanandam et al. 2012) . However, the concentration of sulphate is probably derived from the gypsum dissolution process. The concentration of nitrate does not exceed 10 mg/l in water under natural conditions (Cushing et al. 1973) . The nitrate concentration varies from 0.4 to 6.0 mg/l with a mean value of 3.87 mg/l. The concentration of nitrate is within the WHO-suggested permissible limit (45 mg/l). Ammonium is transferred to nitrate by the nitrification process in the presence of oxygen
The possible sources of nitrates are poultry farms, animal wastages and septic tank leakages in the urban area. Nitrate leaching is enhanced by high infiltration of soil layer and low runoff potential. The presence of high nitrate concentration in the drinking water increases the incidence of gastric cancer and other potential hazards to infants and pregnant women (Nagireddi Srinivasa Rao 2006) .
The concentration of calcium and magnesium ranges from 30 to 200 mg/l and 1.2 to 164 mg/l, respectively. The calcium and magnesium ions present in the groundwater are possibly derived from leaching of calcium and magnesium-bearing rock-forming silicates, limestone, dolomite, gypsum and anhydrides. The majority of groundwater shows concentration of calcium and magnesium above the WHO (2011) suggested maximum permissible limit.
The concentration of sodium and potassium varied from 69 to 1,490 mg/l and from 8 to 340 mg/l, respectively. The high concentration of sodium ions among the cationic concentrations reflects rock weathering and/or dissolution of soil salts stored by the influence of evaporation (Stallard and Edmond 1983) and also indicates its higher solubility behaviour, whereas the high concentration of sodium and chloride suggest the seawater percolation in the coastal aquifers. The sodium and potassium concentrations exceeded the WHO standard in the majority of the samples. The lowest concentration of calcium compared to alkali elements is due to the ion exchange process, which indirectly indicates the dominancy of alkalis over alkali earth elements. Moreover, the excess of alkali earth elements (Ca?Mg) over HCO 3 -in the groundwater clearly indicates that they are supplied from silicate-weathering processes (Zhang et al. 1995 -HCO 3 -. The dominant water types of the study area are in the order of mixed Ca-Mg-Cl [ Na-Cl (Fig. 2) . The diagram can evaluate the hydrochemistry of groundwater with the help of Aquachem 4.0 software. According to Appelo and Postma (1996) , dominant water types like Na-Cl and CaCl indicate the seawater intrusion process. The majority of the sampling points clustered on the Na-Cl and mixed CaMg-Cl facies suggesting that the mixing of high-salinity water was caused from seawater intrusion by overexploitation followed by domestic wastewater, septic tank waste infiltration and ionic exchange process. In the dominant facies, Na-Cl type contributes to 91. ? ion exchange process is an important geochemical process for the Na-Cl type of groundwater.
Gibbs plot (Gibbs 1970 ) is used to interpret the effect of hydrogeochemical processes such as precipitation, rockwater interaction and evaporation on groundwater geochemistry. The reaction between groundwater and aquifer minerals has a significant role in water quality which is useful to understand the genesis of water. Gibbs ratio is calculated using the following equation (Eqs. 10, 11):
Gibbs ratio II for cation
The sampling points mostly fall in the rock-water interaction and evaporation zone (Fig. 3) . The rock domain suggests that rock-water interaction is the major source of dissolved ions over the control of groundwater chemistry. The rock-water interaction process includes the chemical weathering of rocks, dissolution-precipitation of secondary carbonates and ion exchange between water and clay minerals. The moving of groundwater sampling points in the Gibbs field towards the evaporation domain from the rock domain suggests an increase of Na ? and Cl -ions and consequent higher TDS due to water contamination, caused by the influences of seawater contamination and poor sanitary conditions. The chloro-alkaline indices (CA) are widely used to assess the ion exchange reactions between groundwater and its host rock (Schoeller 1967 ) may be referred to as base-exchange softened water, whereas Na ? ion is exchanged for the alkali [ HCO 3 -) can be referred to as base-exchange hard water (Jeevanandam et al. 2012) . In this study, most of the samples are base-exchange soft water in nature and few samples are converted to baseexchange hard water due to the precipitation process. The chloro-alkaline indices and the concentration of cations and anions in meq/l are computed using the following equations (Eqs. 12, 13).
Chloro -alkaline index I
Correlation matrix
The chemical composition of the groundwater is characterized by major cations and anions such as Ca 2? , Mg 2? , Na ? , K ? , Cl -, SO 4 2-, CO 3 -, HCO 3 -and NO 3 . The correlation matrix of the physico-chemical parameters is shown in Table 2 . The correlation matrix and R-mode factor analysis (principal component analysis) was carried out using SPSS software (1999) . Principal components analysis (PCA) was useful for data reduction, to assess the continuity/overlap of clusters or clustering/similarities in the data and was used to determine the sources of variation between parameters (Guler et al. 2002) . The extracted factor results suggest that Cl -, SO 4 2-, Ca 2? , Na ? , K ? , EC and TDS have high positive factor loadings in factor 1 and HCO 3 -, TDS, EC, temperature and NO 3 have high positive factor loadings in factor 2, whereas HCO 3 , Mg and Na have a high positive factor loading in factor 3 (Table 3 ). Three factor variables with different factor loadings explain the reason for the variation in geochemical composition of groundwater. A strong positive correlation between Na and Cl -suggests mixing of groundwater with two different compositions (fresh and saline) and a strong relationship with SO 4 2-and Cl -may be related to the long history of evaporation. The strong relationship with high positive factor loading between Ca 2? and SO 4 2-suggests the gypsum dissolution process. The positive loadings of pH, EC and TDS suggest that they probably controlled the concentration of major ions in groundwater. The concentration of nitrate in the groundwater was significantly derived from anthropogenic processes.
Water quality classification
Water quality index
The water quality assessment indices (WQIs) are aggregation and communication tools for monitoring water quality (Vasanthavigar et al. 2010 ). These indices have been developed to summarize water quality data in an easily expressible and understandable format with less information than the raw data. WHO (World Health Organization 2011) standards, assigned weight (w i ) and a relative weight (W i ) for each parameter are listed in Table 4 . The calculated WQI ranges from 45.59 to 622.09. The classification ranges for the water quality index (WQI) are given in Table 5 . Based on the groundwater quality index, 17.9 % of the samples fall under excellent and unsuitable category, 34.8 and 21.7 % fall under good and poor water category and 8.7 % under very poor for drinking purpose category (Table 6 ). 
Fuzzy membership functions
Water quality management is characterized by imprecision in objective and water quality standards. Fuzzy logic is a mathematical tool that converts complicated statements into mathematical terms and again converts them into simple outputs. The output vector data are based on some set of rules and assigned values for output data. The rules are developed and utilized by fuzzy interference to derive output from input database. Fuzzy set theory and its derivatives may be used to directly introduce imprecise data into mathematical models with minimum input data requirements (Ferson et al. 1994) . Fuzzy membership classification of drinking water quality was calculated according to the quality standards (Table 7) . The distinguished fuzzy classifications based on fuzzy scores are \50-excellent water; 50 to 100-good water; 100 to 200-poor water; 200 to 300-very poor water and [300-unfit for drinking water. The calculated fuzzy logic scores of the study area indicate that 17.4 % of the samples fall under fuzzy class I, 34.8 % under class II, 21.7 % under class III, and 8.69 and 17.4 % under class IV and V, respectively.
Conclusion
In the present study, 23 groundwater samples were collected, analysed and assessed for drinking water quality. The pH value of the groundwater was slightly acidic to basic in nature. Based on EC classification, the groundwater sample is falling under fresh to brackish in nature. The aquifers are contaminated with sodium, chloride, sulphate and nitrate, which may cause serious health hazards to the populated areas of the study area. The quality of the groundwater in the study area is impaired by seawater intrusion and rock-water interaction processes. According to piper diagram, the dominant salt combinations of the groundwater in the study area are Na-Cl and mixed CaMg-Cl. Fuzzy membership classification and WQI values suggest that the majority of the samples fall under excellent and poor water quality classes. Groundwater sustainability for drinking usage was evaluated by WHO and BIS standards. Based on the standards, around 60. 
